. These fragments result from the increased incorporation of uracil into nascent DNA as a consequence of the dUTPase defect, followed by excision-repair of the incorporated uracil. The repair-induced DNA fragments (Sof fragments) closely resemble nascent DNA (Okazaki) fragments (2). Both Okazaki fragments and Sof fragments appear transiently and are then rapidly chased into high molecular weight DNA. Both also rely on DNA polymerase I and DNA ligase for their subsequent joining into high molecular weight DNA (3-7). In fact, Sof fragments appear to act as precursors to Okazaki fragments in the appropriate pulse-chase experiments (7).
[3H]thymidine [ [154] [155] [156] [157] . Uracil is also incorporated into the newly synthesized DNA of strains of E. coli that contain normal levels of dUTPase. DNA fragments generated by the postreplication excision-repair of uracil may therefore contribute to the pool of nascent DNA (Okazaki) fragments that normally appear in wild-type strains. Discontinuous DNA replication has been examined in the absence of uracil excision by comparing Okazaki fragments in strains that are defective in DNA polymerase I (polA -) and polA -strains that are also defective in uracil N-glycosidase, an enzyme required for the excision-repair of uracil in DNA (polA -ung-). Little or no difference was detected in the level of Okazaki fragments in the poL4-strain as compared with the polA -ung-strain. Thus, the uracil-induced cleavage of DNA cannot be the sole mechanism for the generation of Okazaki fragments. Mutants that are defective both in dUTPase and in uracil N-glycosidase incorporate uracil into their DNA with a high frequency (up to 1 per 100 nucleotides). These uracil residues, once incorporated, persist in the DNA without an adverse affect on the growth of the cells.
Mutants of Escherichia coli defective in dUTPase (dUTP nucleotidohydrolase; EC 3.6.1.23) (dut-or sof-) accumulate labeled DNA fragments transiently after short pulses with [3Hjthymidine (1) . These fragments result from the increased incorporation of uracil into nascent DNA as a consequence of the dUTPase defect, followed by excision-repair of the incorporated uracil. The repair-induced DNA fragments (Sof fragments) closely resemble nascent DNA (Okazaki) fragments (2) . Both Okazaki fragments and Sof fragments appear transiently and are then rapidly chased into high molecular weight DNA. Both also rely on DNA polymerase I and DNA ligase for their subsequent joining into high molecular weight DNA (3) (4) (5) (6) (7) . In fact, Sof fragments appear to act as precursors to Okazaki fragments in the appropriate pulse-chase experiments (7) .
In the experiments to be reported here, we have sought to determine to what extent postreplication excision-repair of uracil in DNA contributes to the pool of Okazaki fragments observed in typical [3H]thymidine pulse experiments. We have found that, as judged by the susceptibility in vitro to uracil N-glycosidase, an enzyme that excises uracil from DNA (8), uracil is indeed incorporated into pulse-labeled DNA even in the presence of normal levels of dUTPase. In view of the high efficiency with which uracil is removed from DNA in vivo (7), the uracil-induced cleavage of DNA of the 4S fragments typical of those observed in vivo upon pulse labeling of-the dut-mutant (Fig. 1) . Thus, uracil has been incorporated in the DNA of the dUTPase-defective strain and persists as a result of the ung-mutation. The 4S fragments that appear after [3H]thymidine pulses of dut-strains in vivo must therefore be a consequence of the action of uracil N-glycosidase on the uracil-containing DNA generated by the dut-mutation. Direct demonstration of [3H]uracil incorporation in the DNA of a dut -ung-double mutant has been reported by Warner and Duncan (11 at least the length of the pulse period (10 see) (Fig. 1) . To determine whether uracil is retained for longer periods, we labeled the dut-ung-mutant with [3H]thymidine during 4 hr of growth. The labeled DNA was isolated, treated with uracil N-glycosidase, and sedimented in an alkaline sucrose density gradient. The labeled DNA, most of which was initially of high molecular weight (>30 S), was degraded to 4S fragments upon treatment with uracil N-glycosidase (Fig. 2) . Thus, uracil persists in DNA through several generations in the dutrung double mutant.
Uracil Incorporation into DNA of ung-and ung+ Strains. DNA isolated from an ung-mutant after a 10-sec pulse with
[3H]thymidine shows an alkaline sucrose density gradient profile very similar to that observed for ung+ (wild type) cells pulsed under the same conditions. Approximately 30% of the label sedimented very rapidly (>30 S) and the remainder had an average sedimentation coefficient of 8-14 S. Upon treatment of the DNA with uracil N-glycosidase (followed by alkaline sucrose density gradient sedimentation), essentially all the rapidly sedimenting DNA was degraded to fragments with sedimentation coefficients in the range of 8-16 S (Fig. 3) . A much less marked effect was observed with DNA from the wild-type (ung+ ) strain (Fig. 4). (The sedimentation properties of-P-labeled +X174 DNA, which lacks uracil § and which served as a control in these experiments, remained unchanged after treatment with uracil N-glycosidase.) Thus, uracil is incorporated into DNA even in the presence of normal levels of dUTPase and then is rapidly excised by the action of uracil N-glycosidase. § J. Shlomai and A. J. Kornberg, unpublished data. (Fig. 5) . Because of the relatively weak dependence of sedimentation coefficient on molecular weight (14) , .a more sensitive method is required to determine the actual difference in size between the two populations of DNA fragments. Thus, in contrast to Sof fragments, the level of Okazaki fragments that accumulate in polA mutants is not diminished by a mutation in uracil Nglycosidase (7).
DISCUSSION
Uracil is present in the newly synthesized DNA of strains of E.
coil that contain normal levels of dUTPase but are defective in uracil N-glycosidase (ung-). In contrast, there is little if any uracil in the DNA of wild-type (ung+) strains. Thus, incor- Very recently, Olivera (17) has found that replication of the E. coli chromosome in an in vitro system, i.e., concentrated cell lysates deposited on cellophane discs (18) , proceeds discontinuously on only one of the two strands at the replication fork.
The finding that a mutant defective in both dUTPase and uracil N-glycosidase retains uracil in its DNA through several generations suggests that uracil N-glycosidase is the enzyme most responsible for the removal of uracil residues incorporated into DNA. Endonuclease V, also known to recognize uracil in DNA and to cleave phosphodiester bonds at or near these residues (19) , is probably of lesser significance in the removal of uracil paired with adenine; it may participate in the excision of uracil produced by the deamination of cytosine in DNA and therefore mismatched with guanine (8) .
The dut ung double mutant appears to be largely unaffected by levels of uracil in its DNA up to 1 per 100 nucleotides. A similar result has been reported by Warner and Duncan (11 
